ABSTRACT As a key component of ecological risk assessments, nontarget effects of Bacillus thuringiensis (Bt) rice have been tested under laboratory and Þeld conditions for various organisms. A 2-yr Þeld experiment was conducted to observe the nontarget effects of six transgenic rice lines (expressing the Cry1Ab or fused protein of Cry1Ab and Cry1Ac) on four nontarget thrips species including Frankliniella intonsa (Trybom), F. tenuicornis (Uzel), Haplothrips aculeatus (F.), and H. tritici (Kurd), as compared with their rice parental control lines. Two sampling methods including the beat plate and plastic bag method were used to monitor the population densities of the four thrips species for 2 yr. The results showed that the seasonal average densities of four tested thrips species in Bt rice plots were signiÞcantly lower than or very similar to those in the non-Bt rice plots depending on rice genotypes, sampling methods, and years. Among all six tested Bt rice lines, transgenic B1 and KMD2 lines suppressed the population of these tested thrips species the most. Our results indicate that the tested Bt rice lines are unlikely to result in high population pressure of thrips species in comparison with non-Bt rice. In some cases, Bt rice lines could signiÞcantly suppress thrips populations in the rice ecosystem. In addition, compatibility of Bt rice, with rice host plant resistance to nontarget sucking pests is also discussed within an overall integrated pest management program for rice.
Transgenic Bacillus thuringiensis (Bt) crops have been found to be successful in terms of high proÞtability, greater production, fewer insecticide applications, economic beneÞt for growers, and beneÞt for the environment and human health (Shelton et al. 2002 , Yu et al. 2011 . Although many beneÞts of Bt crops have been reported, there are still some concerns. One of them is the potential effect of Bt crops on nontarget organisms, including natural enemies and herbivores (OÕCallaghan et al. 2005) . Many studies focused on natural enemies that play a very important role in pest control. To date, most studies indicate Bt crops do not harm natural enemies (Romeis et al. 2006 , Marvier et al. 2007 , Wolfenbarger et al. 2008 , Naranjo 2009 , Gatehouse et al. 2011 . Fewer studies focused on nontarget herbivores, including charismatic species such as the monarch butterßy, Danaus plexippus (L.), which concluded that the effect of Bt corn pollen from current commercial hybrids on monarch butterßy population was negligible , Gatehouse et al. 2002 , and nontarget pests (Marvier et al. 2007 ), which indicated no signiÞcant difference. However, some studies indicated that some nontarget herbivore outbreaks correlated with wide-scale adoption of Bt cotton (Lu et al. 2010) , which means assessment of the effect of Bt crops on nontarget pests also needs to be conducted very carefully.
As reviewed by Chen et al. (2011) , transgenic Bt rice showed efÞcacy against stem borers and leaffolders. In addition, Þeld experiments were conducted to observe the effects of different Bt rice lines expressing Cry insecticidal proteins against different lepidopterous pests of rice (Shu et al. 2000; Ye et al. 2001a,b; Tang et al. 2006; Chen et al. 2008; Han et al. 2008; Ye et al. 2009 ). In 2009, the Ministry of Agriculture (China) issued biosafety licenses to two transgenic rice cultivars (MAPRC 2009) . So Bt rice is in the process of commercialization; however, there are many controversial concerns that are still hampering the way of all transgenic rice cultivars to be approved for commercialization in China. One of the concerns is the potential effect on nontarget arthropods. Adequate risk assessments should be conducted before their commercial release. Much research has been conducted at laboratory, semiÞeld, and Þeld levels, and tests on prey-mediated effects of transgenic Bt rice on natural enemies, predators, and parasitoids have been done in China (Chen et al. 2003 (Chen et al. , 2005 (Chen et al. , 2007 Jiang et al. 2005; Bai et al. 2006; Tian et al. 2012) .
Thrips such as Frankliniella spp. and Haplothrips spp. are found abundantly on various crops including rice throughout the world (Pathak and Khan 1994 , Kobro et al. 2000 , Heinrichs and Barrion 2004 . Laboratory experiments were conducted to determine the effect of Bt maize on F. tenuicornis (Uzel) and exposure to the predator, and high Cry1Ac levels were found both in adults and larvae (Obrist et al. 2005) . As Bt insecticidal protein taken in by sucking insects such as thrips that feed on phloem sap (Head et al. 2001 , Raps et al. 2001 , Dutton et al. 2002 , it is important to clearly describe the mechanism in these insects and whether they are affected by the Bt rice. To help understand the effects of Bt rice on nontarget herbivores, Frankliniella spp. and Haplothrips spp. attacking rice panicles, a 2-yr (2008 and 2009) experiment was conducted to measure the potential effects of six Bt rice lines on the populations of four different thrips species in China.
Materials and Methods
Transgenic Rice Lines and Their Parental Cultivars. There were six Bt rice lines as compared with their nontransgenic parental controls. Huachi 2000 B1 (B1) and Huachi 2000 B6 (B6) with the gene encoding Cry1Ab protein, and indica Jiazao-935 as a control comprised the Þrst group. These two genotypes (B1 and B6) were derived from KMD1 and were homogenous when bred through conventional breeding methods (Chen et al. 2004 ). This group was sown on 30 March during both years (2008 and 2009 ) and transplanted on 1 May. TT9 Ð3 and TT9 Ð 4 which express a fused protein of Cry1Ab/Cry1Ac, and their control indica ÔIR72Ј (Ye et al. 2001a) , were placed in the second group. This group was sown on 30 April during both years (2008 and 2009) and transplanted on 30 May. KMD1 and KMD2 expressing Cry1Ab protein, with japonica ÔXiushui 11Ј as the control (Ye et al. 2001b , were placed in the third group. This group was sown on 20 June during both years (2008 and 2009 ) and transplanted on 20 July. Each cultivar was sown and transplanted at the Experimental Farm of Zhejiang University, Hangzhou (120.12Њ E, 30.13Њ N), China.
Experimental Design and Field Management. For each group of two Bt rice lines with their corresponding non-Bt parental rice cultivar, the whole experiment had nine experimental plots in a three (treatment: two Bt lines versus non-Bt) by 3 (replications) completely randomized design. Each experimental plot measured 20 by 25 m and was bordered on all sides by a 50-cm-wide unplanted walkway. Seedlings were hand transplanted at one seedling per hill spaced 16.5 by 16.5 cm apart. The entire experimental Þeld was surrounded by Þve border rows of non-Bt control plants. Other cultural practices were the same as the local farmers in terms of irrigation and fertilization, but there was no pesticide spray on the crop before and after transplantation.
Beat Plate Sampling. The method, also called the shake plant method, is described by Akhtar et al. (2010) . Brießy, all panicles per plant were beaten into a white porcelain plate (36 by 46 by 3.5 cm) 13Ð15 times for a 4-to 5-s period, and the total number of thrips including larvae and adults were counted using a glass lens. On each sampling day, 30 plants were sampled randomly in each tested plot. The sampling was done on average at 8 Ð9 d intervals except for rainy days, as rain can wash away the thrips (Hsu et al. 1978) , and sampling was done seven times from booting to ripening stage. The sampling time was from June to October in 2008 and 2009 . Plastic Bag Sampling. Following Akhtar et al. (2010) , 30 plants were selected at random in each tested plot, and the largest whole panicle on each plant was cut and put into a plastic bag on each sampling date. The sampling was conducted on average at 8 Ð9-d intervals except for rainy days and sampling was done seven times from booting to ripening stage. Each time, all samples were brought to the laboratory, and the total number of larvae and adults carefully was observed and counted under a dissecting microscope by beating and dissecting the panicle into a white petridish. The sampling time was from June to October in 2008 and 2009. Data Analysis. Data on the seasonal densities of thrips over the whole sampling stage in 2008 and 2009 were analyzed using two-way analysis of variance (ANOVA) and TukeyÕs multiple-range test in advance. If there were no year effects and year ϫ rice genotype interactions, data from both years were combined and analyzed using one-way ANOVA and TukeyÕs multiple-range test. Otherwise, data from each year were separately analyzed using one-way ANOVA and TukeyÕs multiple-range test. All analyses were conducted using SAS version 9.1 package in the SAS analyst application (SAS Institute 2001). Before univariate analysis, means were square root (X ϩ 1)Ðtransformed, but untransformed means are presented. For all tests, ␣ ϭ 0.05 (SAS Institute 2001).
Results

Seasonal Average Densities of Four Thrips Species
in Transgenic B1 and B6 Lines. For the beat plate sampling method, seasonal average densities of F. intonsa, F. tenuicornis, H. aculeatus, and H. tritici in transgenic Bt rice plots (B1 and B6) and their control rice plots over 2 yr are shown in Table 1 . For F. intonsa, the populations were signiÞcantly lower in Bt rice plots than those in control rice plots over 2 yr. For F. tenuicornis, densities in B1 plots were signiÞcantly lower than those in control plots in 2008; however, no signiÞcant difference was found between Bt rice and control rice plots in 2009. For H. aculeatus, populations in Bt plots were lower than those in control plots over 2 yr, and seasonal average densities in B1 rice plots were signiÞcantly lower than those in control rice plots. For H. tritici, although no different densities were found between B6 rice and control rice plots, densities in B1 rice plots were signiÞcantly lower than those in control rice plots.
With regard to the plastic bag sampling method, seasonal average densities of the four tested thrips species on transgenic Bt rice lines (B1 and B6) and their control during both tested years are shown in Table 2 . For F. intonsa, the densities were signiÞcantly lower in B1 and B6 rice plots than control rice plots over 2 yr. For F. tenuicornis, densities in B1 plots were signiÞcantly lower than control plots during both of the years. For H. aculeatus, seasonal average densities in B1 rice plots were signiÞcantly lower than those in B6 and control rice plots. For H. tritici, populations were lower in Bt rice as compared with control and densities in B1 rice plots were signiÞcantly lower than control rice plots.
Seasonal For the plastic bag sampling method, seasonal average densities of the four tested thrips species on transgenic Bt rice lines (KMD1 and KMD2) and their control during both tested years are shown in Table 4 . Mean Ϯ SE (n) followed by different letters in the same column are signiÞcantly different (One-way ANOVA, P Ͻ 0.05). The unit for density is individual number per plant. Mean Ϯ SE (n) followed by different letters in the same column are signiÞcantly different (One-way ANOVA, P Ͻ 0.05). The unit for density is individual number per panicle.
For F. intonsa, populations were signiÞcantly lower in Bt rice (KMD2) plots than those in control rice plots over 2 yr. For F. tenuicornis, densities in Bt rice plots were similar to those in control plots during 2008; however, in 2009 signiÞcant lower populations were found in Bt rice than those in control rice plots. For H. aculeatus, populations in Bt plots were lower than those in control plots over 2 yr. For H. tritici, although no differences in densities were found between KMD1 rice and control rice plots, densities in KMD2 rice plots were signiÞcantly lower than those in control rice plots.
Seasonal Average Densities in Transgenic TT9 -3 and TT9 -4 Lines. For the beat plate sampling method, seasonal average densities of F. intonsa, F. tenuicornis, H. aculeatus, and H. tritici on transgenic Bt rice lines (TT9 Ð3 and TT9 Ð 4) and their control (IR72) during both tested years are shown in Table 5 . For F. intonsa, F. tenuicornis, and H. aculeatus, populations were similar in Bt rice plots and in control rice plots in both tested years. For H. tritici, although no differences in densities were found between TT9 Ð3 and control rice plots for both tested years, densities in TT9 Ð 4 rice plots were signiÞcantly lower than those in control rice plots in 2008, whereas their densities were similar in Bt rice and control during 2009.
Using plastic bag sampling method, seasonal average densities of the four tested thrips species on transgenic Bt rice lines (TT9 Ð3 and TT9 Ð 4) and their control (IR72) during both tested years are shown in Table 6 . Densities of F. intonsa were lower in 2008 as compared with control, whereas their densities in 2009 were similar to control. Densities of F. tenuicornis in Bt rice plots were not signiÞcantly different from control Mean Ϯ SE (n) followed by different letters in the same column are signiÞcantly different (One-way ANOVA, P Ͻ 0.05). The unit for density is individual number per panicle. 
Discussion
The current studies showed that the seasonal average densities of the four tested thrips species in Bt rice plots were signiÞcantly lower than or very similar to, depending on rice genotypes, sampling methods, and years, those from the non-Bt rice plots. All six tested Bt rice lines, especially the B and KMD line groups, might not be preferred by the tested thrips species in comparison with their non-Bt controls. Similar results were observed in our previous studies on S. biformis, which attacks rice plants at seedling and tillering stage. The seasonal average densities on all six tested Bt rice lines were signiÞcantly lower in comparison to their corresponding non-Bt controls (Akhtar et al. 2010) . Chen et al. (2012) reported that the brown planthopper, Nilaparvata lugens Stål, another important nontarget sucking herbivore on rice, occurred at lower levels in Bt rice (KMD2) plots than non-Bt rice. We hypothesize that the occurrence of S. biformis and BPH at lower levels on Bt rice is related to the significant decrease in their fecundity or egg-laying ability on Bt rice according to the laboratory and Þeld studies (Akhtar et al. 2010 . Similarly, to the four thrips species attacking rice panicles in the present studies, their lower densities in Bt rice plots might Table 5 . Seasonal average densities of four thrips species sampled from Bt (TT9 -3 and TT9 -4) and non-Bt (IR72) plots by Mean Ϯ SE (n) followed by different letters in the same column are signiÞcantly different (One-way ANOVA, P Ͻ 0.05). The unit for density is individual number per plant. Mean Ϯ SE (n) followed by different letters in the same column are signiÞcantly different (One-way ANOVA, P Ͻ 0.05). The unit for density is individual number per panicle. also be because of the fact that Bt rice distinctly reduced their fecundity. However, this speculation remains to be tested in the laboratory. Another possible reason for the lower level of thrips in Bt rice might be because of alterations of key nutrients and secondary chemical metabolites in Bt rice that are responsible for thrips host selection, oviposition performance, and development. For example, the differential effects on population parameters such as egg laying and innate capacity of Sogatella furcifera (Horvath) possibly were caused by amino acid differences in Bt rice as compared with non-Bt rice (Zhou et al. 2006) . Also in one such case, the corn leaf aphid, Rhopalosiphum maidis (Fitch), was more attractive to transgenic maize than to other lines, which was most probably because of high amino acid concentration in the transgenic maize (Faria et al. 2007 ). Kim et al. (2006) observed the repulsion of Pieris rapae L. from transgenic tobacco because of the higher concentration of caffeine in transgenic tobacco. Several studies on unexpected changes of chemical metabolites in transgenic rice compared with nontransgenic controls have been reported (Keymanesh et al. 2009 , Jiao et al. 2010 . However, the relationship between the effects of transgenic rice on nontarget sucking insects including thrips and the metabolomic changes of transgenic rice still remains undeÞned, which necessitates further investigation.
To date, Bt cotton and Bt maize, as a useful component of integrated pest management (IPM) system to control targeted pests, have revolutionized pest control strategies worldwide; however, they cannot solve all the problems related to pest regulation (Yu et al. 2011) . For example, some sucking insect pests such as bugs, leafhoppers, and thrips, are the major nontarget pests in Bt cotton Þelds, and have become more prominent and even evolved into key pests in China, India, and Australia because of the reduced use of insecticides for bollworms and the change of pest population regimes (Lei et al. 2003 , Wilson et al. 2006 , Nagrare et al. 2009 , Lu et al. 2010 . In contrast, Bt maize has not encountered the serious problems with secondary insect pests stemming from experiences with Bt cotton (Hellmich et al. 2008) . For example, in Germany, no difference in the population densities of aphids, thrips, and heteropterans were found after 6 yr of monitoring nontarget arthropods in Bt maize Þelds (Schorling and Freier 2006) . With regard to Bt rice, the problems encountered with Bt cotton are not expected to occur. To ensure that Bt rice can fully play its positive role in IPM system, the compatibility and harmonization of Bt rice with other pest control tactics in rice, including host plant resistance, to confront its important nontarget sucking pests (e.g., planthoppers, leafhoppers, and thrips) need to be strategically considered. It will be helpful if Lepidoptera-active Bt traits can be bred into the germplasms that confer natural resistance to sucking insect pests. Therefore, it is necessary that resistance of Bt rice lines not only to targeted pests but also to nontarget pests should be measured and selected before releasing to farmers. Our six tested Bt rice lines, especially B1 and KMD2, may be the most suitable candidates to be used in a rice IPM system because they not only showed high resistance to lepidopteran pests (Ye et al. 2001a,b; but also reduced the population densities of four tested thrips species to different extents. In conclusion, we think that our tested Bt rice lines are unlikely to result in greater occurrence of the tested thrips species attacking rice panicles in the rice ecosystem, and may even signiÞcantly suppress the occurrence of them in some cases.
